Abstract-The temporal effects of charged and metastable particles in the micro-discharges of an ac plasma display panel (ac-PDP) were investigated under actual driving conditions. The discharge gas used in the 4-in PDP was Neon + 4% Xenon. The discharge characteristics in terms of the time scale related to the space-charge decay, wall charge decay, metastable decay, and charge accumulation were investigated using a pulse technique. For Neon+4% Xenon gas-mixture discharges of 500 torr, 4 s was related to the time scale of the space-charge decay and wall-charge accumulation time. The minimum sustain voltage started to dramatically increase at 20 s, which was related to the time scale of the metastable particles. Whereas, after 40 s, the minimum sustain voltage slowly increased with a slope of 0.01581, which was related to the inverse of the time scale of the wall charge decay.
I. INTRODUCTION

P
LASMA DISPLAY PANELS (PDPs) for large-sized wall-hanging TVs are already at the mass production stage. However, the actual phenomena related to the small display pixels in a PDP are still not well known. As such, a better understanding of the discharge phenomena and particle behavior of display pixels is needed to obtain a high-efficiency and quality image in PDPs. In particular, the behavior of the charged and metastable particles within a display pixel is very important as their priming and memory effects are indispensable to the operation of an ac-PDP. However, measuring the charged and metastable particles in the micro-discharge of a PDP is very difficult due to the small discharge volume. Although there have already been several previous studies on the behavior of charged particles in an ac-PDP, the experimental conditions were not closely related to the actual operating conditions of an ac-PDP [1] - [4] . There have also been previous reports on the direct measurement of wall voltages [5] and metastable particles [6] . Yet, in [5] , helium was used as the discharge gas and the operating gas pressure and cell dimension were not related to an actual ac-PDP. Accordingly, the objective of the current study was to investigate the temporal behavior of charged and metastable particles so as to understand the actual phenomena of the very small volume discharges in a PDP. 
II. EXPERIMENTS AND RESULTS
A 4-in ac-PDP employing a coplanar surface discharge was used to investigate the temporal behavior of charged and metastable particles within a cell, which included two coplanar sustain electrodes and an address electrode. The actual test panel consisted of two plates. For the back plate, the address electrode and barrier ribs were formed using a screen-printing method. The barrier rib height was 120 m. Red, green, and blue phosphor were all coated on the barrier ribs, as shown in Fig. 1 . For the front plate, the sustain electrodes were made of transparent metal, such as indium tin oxide (ITO), and patterned using photolithography. On the sustain electrode, the bus electrode was formed using a screen-printing method. The sustain and bus electrodes were coated with a 30-m-thick transparent dielectric layer, which was also coated with an MgO film as a protection layer using an electron beam evaporation method. The actual micro-discharges occurred between the two sustain electrodes, as shown Fig. 1 . The discharges caused by two parallel electrodes on the same substrate are called surface discharges, and the micro-plasma characteristics of such surface discharges are the focus of the current study. The width of the sustain electrodes was 270 m. The distance between the sustain electrodes was 80 m. The filling gas was 96% Neon and 4% Xenon and the operation pressure was 500 torr. Fig. 2(b) shows the maximum sustain voltage as a function of the driving pulsewidth. Here, the driving pulse waveform shown in Fig.2 pulse was applied. The maximum sustain voltage is the same with the firing voltage for a single cell in the PDP. Usually, the maximum sustain voltage is the lowest value among the various firing voltages of multiple cells in the PDP [7] . As shown in Fig. 2(b) , the maximum sustain voltage decreased with a 4-s increase in the pulsewidth, and thereafter increased. As such, 4 s was related to the wall-charge accumulation time of the Neon Xenon (4%) gas-mixture discharges under a gas pressure of 500 torr. When the frequency of the pulses was 40 and 50 kHz, there were same phenomena like the case of 21.125 kHz. After igniting the discharges, space charges were generated and most of which became wall charges within a few hundred nanoseconds. However, some of the space charges remained alive during the voltage pulse in Fig. 2(a) , as their lifetime was of the order of a few microseconds. These remaining space charges also attempted to become wall charges before they vanished. Generally, the maximum sustain voltage tended to decrease during the wall-charge accumulation as the wall voltage was not fully accomplished. Within the wall-charge accumulation time, the maximum sustain voltage decreased as the pulsewidth increased. After the wall-charge accumulation was accomplished, the maximum sustain voltage increased with an increasing pulsewidth. Here, the surface of the MgO film was the area concerned with the wall-charge accumulation. From the result of Fig. 2(b) , the variation in the maximum sustain voltage was only within a few volts before and after the wall charges were accumulated on the surface of MgO film.
The time scale related to the space charges was investigated using a pulse technique, as shown in Figs. 3(a) and (b) . Here, the driving frequency was 36.23 kHz. Fig. 3(c) shows the spacecharge source cell and space-charge effect-measuring cell used to determine the time scale related to the space charges. Pulses with a 5-s width were applied to one cell to produce space charges. Meanwhile, pulses with a 1.7-s width and time 1 delay were applied to the adjacent cell to accumulate space charges. As such, the cell used to produce space charges based on the pulses in Fig. 3(a) was called the space-charge source cell, while the cell used to attract space charges based on the pulses in Fig. 3(b) was called the space-charge effect-measuring cell. The space-charge source cell consists of two electrodes, A and B sustain electrode, as shown in Fig. 3(c) . When time was , the positive voltage applied to the A sustain electrode while the relative negative voltage (grounded) was applied to the B sustain electrode. The discharges occurred between A and B sustain electrode in the space-charge source cells to produce the charged particles. The space-charge effect-measuring cell also consists of two sustain electrodes, C and D, which was adjacent to the space-charge source cell. When time was , the positive voltage as shown in Fig. 3(b) was applied to the C electrode. Here, is the time between the space-charge-supplying pulse and the space-charge-accumulating pulse [2] , and is the arbitrary time when the pulse is applied to space-charge effect measuring cell as shown in Fig. 3(b) . The space charges produced in the source cell were transported to the space-charge effect-measuring cell using the electric field of the space-charge accumulation pulses. Then, the maximum sustain voltage of the space-charge effectmeasuring cell was measured. Fig. 3(d) shows the maximum sustain voltage of the space-charge effect-measuring cell as a function of time1. The maximum sustain voltage increased and became saturated, then increased and became saturated again after 4 s. The maximum sustain voltage of the space-charge effect-measuring cell was affected by the accumulated space charges. The time scale related to the space-charge decay was estimated from the variation in the maximum sustain voltage as a function of time1. When the time1 was zero, the number of space charges that the space-charge effect-measuring cell could attract was the maximum. As time1 increased, the number of attracted space charges decreased as the space charges were decaying. Therefore, the maximum sustain voltage of the spacecharge effect-measuring cell increased when increasing time1. When most of the space charges have decayed and there are no more space charges that the space-charge effect-measuring cell can attract, the maximum sustain voltage becomes saturated. From Fig. 3(d) , it was found that the maximum sustain voltage became saturated after about 4 s, as at this point the space charges hardly had any affect on the space-charge effect-measuring cell. The absolute value of the maximum sustain voltage of the space-charge effect-measuring cell was varied according to the distance between the space-charge source cell and the space-charge effect-measuring cell as shown in Fig. 3(d) . The longer distance between the space-charge source cell and the space-charge effect-measuring cell resulted in the higher maximum sustain voltage until 4 s. The maximum sustain voltage of the both cases became almost identical after 4 s because the space charge hardly had any affect on the space-charge effect-measuring cell. It was found that the time scale related to the space-charge decay was independent of the distance between the space-charge source cell and the space-charge effect-measuring cell. The changes in the maximum sustain voltage in this case amounted to 50-60 V, which was significant in contrast to the variation in Fig. 2(b) , as there were pulses attracting the space charges to the discharge measuring cell. The variation in the maximum sustain voltage was proportional to the absolute value of the space charges produced in the space-charge source cell. There was no variation of the maximum sustain voltage based on the time1 of the pulses in the space-charge effect-measuring cell when the space-charge supply pulse was not applied. The wall-charge accumulation time was related to the spacecharge decay. As shown in Fig. 2(b) , the reason why the maximum sustain voltage increases with an increasing pulsewidth after the wall-charge accumulation was accomplished was as follows: The effect of space charges on the wall charge accumulation was getting reduced after 4 s because of the space-charge decay.
The minimum sustain voltage as a function of the frequency was measured to determine the time scale related to the metastable particles and wall-charge decay. Here, the minimum sustain voltage was defined as the discharge-off voltage. The pulse waveforms for investigating the time scale related to the metastable particles and wall-charge decay are shown in Fig. 4(a) . Time2 in Fig. 4(a) was for the after-glow. The dependence of as a function of time2 is shown in Fig.  4(b) . The minimum sustain voltage increased drastically when time2 was about 20-40 s, and then slowly increased thereafter. Metastable particles are known to play an important role in the after-glow and affect the minimum sustain voltage in the periodical discharges. In addition, wall charges are an important factor in determining the minimum sustain voltage in an ac-PDP. In the current study, since most of the metastable particles were still alive and the wall charges were well defined on the surface of the MgO film when time2 as 10 s, the minimum sustain voltage did not change much. The minimum sustain voltage started to increase from 20 s, and then dramatically increased when time2 was from 20 to 40 s. This was because something changed in the metastable particles, i.e. the metastable particles were decaying, thereby reducing their influence on the minimum sustain voltage. However, the wall charges were still well defined. The time that the minimum sustain voltage started to dramatically increase was about 20 s, which was related to the time scale of the metastable particle decay. In a previous report on the direct measurement of metastable particles [6] , the time constant of the metastable particle decay was about 2-3 s and the density of the metastable particles was about 10 cm after 3 s and 10 cm after 10 s. In the current study, the metastable particles still affected the periodical discharge after 3 s, which was the time constant of the decay in the previous work [6] . After 20 s, the influence of the metastable particles on the minimum sustain voltage of the Ne Xe (4%) gas-mixture discharges started to reduce. After 40 s, the minimum sustain voltage slowly increased because the metastable particles no longer had any affect on maintaining the periodical discharges, leaving only the effect of the wall charges on the minimum sustain voltage. Therefore, since the slope of the curve after 40 s was apparently related to the wall charge decay, the minimum sustain voltage slowly increased because the wall charges slowly decayed. In the current work, was defined as the slope of the curve in Fig. 4(b) , where was 0.01581, which was related to the inverse time scale of the wall-charge decay.
III. CONCLUSION
The micro-discharges of Neon 4% Xenon in a PDP were investigated using actual driving pulse techniques. The minimum value of the maximum sustain voltage was when the sustain pulsewidth was about 4 s, which was related to the time scale of the space-charge accumulation. The maximum sustain voltage of the space-charge effect-measuring cell in current work was saturated at around 4 s because there were no more space charges remained in the space-source cell. The minimum sustain voltage started to dramatically increase when the time of the after-glow was 20 s and then slowly increased after 40 s. The 20 s threshold was related to the time scale of the metastable particle decay, while the slope of the minimum sustain voltage curve after 40 s was related to the inverse of the time scale of the wall charges.
